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ABSTRACT 
Energy and economic analyses were performed fo r  an on-si te  pawer- 
plant. with waste heat  recovery. The r e s u l t s  show t h a t  fo r  any s p e c i f i c  
appl icat ion there  is a c h a r a c t e r i s t i c  power conversion e f f ic iency  t h a t  
minimizes f u e l  consumptiou and tha t  e f f i c i e n c i e s  grea te r  than t h i s  do 
not s i gn i f i can t ly  improve f u e l  consumption. From an economic viewpoint 
t h i s  type of powerplant appears t o  be a reasonably a t t r a c t i v e  investment 
i f  higher fue l  cos t s  continue. 
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SUMMARY 
On-site powerplants with waste heat recovery can increase the  energy 
u t i l i z a t i o n  of f u e l  by 25 percent o r  more. The concept of a modular in- 
tegrated u t i l i t y  system (MIUS) i s  pa r t  of a program of the  Department of 
Housing and Urban Development t o  provide community u t i l i t y  se rv ices  while 
a t  the same time conserving energy and other  resources and pro tec t ing  the  
environment. I n  conjunction with work being conducted by the Johnson 
Spacecraft Center on HIUS, the  Lewis Research Center has done a prelimi- 
nary ana lys i s  of t he  powerplant fo r  such a system. 
The ana lys i s  focused on two l spec t s ,  the  energy u t i l i z a t i o n  and 
econonics of t he  powerplant. The f i r s t  was aimed a t  determining the  
prime mover thermal t o  e l e c t r i c a l  conversion e f f ic iency  tha t  would r e s u l t  
i n  minimum t o t a l  f ue l  consumption f c r  a represen ta t ive  community. The 
powerplant was then s i zed  and est imates  of the  c a p i t a l  and operat ing 
cos t s  were made. The second p a r t  of the ana lys i s  u t i l i z e d  these cos t s  t o  
examine some of the  economic aspects  such a s  r a t e  of re turn  on investment 
and fue l  savings f o r  the powerplant. 
The r e s u l t s  show tha t  f o r  a s p e c i f i c  appl ica t ion  there  is a charac- 
t e r i s t i c  power conversion e f f ic iency  t h a t  minimizes f u e l  consumption and 
t h a t  e f f i c i enc i e s  grea te r  than t h i s  do not  s i g n i f i c a n t l y  improve f u e l  
consumption, From an economic viewpoint t h i s  type of powerplant appears 
t o  be a reasonably a t t r a c t i v e  investment pa r t i cu l a r ly  i f  higher  f u e l  
cos t s  continue. 
INTRODUCTION 
Energy conservation i s  one of the  most e f f e c t i v e  means of reducing 
f u e l  consumption and extending the  useful  l i f e  of t h i s  na t ion ' s  f o s s i l  
energy reserves .  One proven method of e f f i c i e n t  u t i l i z a t i o n  of energy i s  
the  concept of in tegra ted  u t i l i t y  systems. The Modular Integrated 
U t i l i t y  Systems (MIUS) program under t h e  d i r ec t i on  of the Department of 
Housing and Urban Development (HUD) is d i rec ted  toward providing complete 
community u t i l i t y  se rv ices  while conserving energy and mater ia l  resources 
and minimizing pol lu t ion  through waste hea t  u t i l i z a t i o n  and mater ia l  re- 
cycling ( r e f .  1 ) .  This repor t  considers the e f f e c t  of powerplant type 
on energy u t i l i z a t i o n .  
Resident ia l  and commercial bui ldings requi re  e l e c t r i c i t y  for  i l lumi-  
nat ion and power equipment, hea t ing  and cooling f o r  temperature and hu- 
midity c o n t r o l  and h e a t  f o r  domestic ho t  water .  These requirements con- 
sume about 28 percent  o r  approximately 20 q u a d r i l l i o n  Btu of t h t  n a t i o n ' s  
t o t a l  energy consumption. E l e c t r i c  power from c e n t r a l  u t i l i t y  companies 
is  d e l i v e r e d  t o  t h e  consumer a t  a thermal e f f i c i e n c y  of about 30 percen t .  
Heat from conventional b o i l e r s  and furnaces i s  supp l ied  a t  thermal e f  f i -  
c i e n c i e s  between 70 and 80 percent  f o r  o i l  and n a t u r a l  gas f u e l s .  For 
t h e  t y p i c a l  consumer t h i s  type of u t i l i t y  s e r v i c e  r e s u l t s  i n  an o v e r a l l  
thermal e f f i c i e n c y  f o r  e l e c t r i c a l  generat ion and h e a t i n g  of 50 t o  60 per- 
cent .  Supplying t h e s e  same s e r v i c e s  through t h e  use  of d e c e n t r a l i z e d  
powerplants wi th  waste h e a t  recovery can inc rease  t h e  o v e r a l l  thermal 
e f f i c i e n c y  t o  a range of 65 t o  75 pe rcen t .  This 25 percent  improvement 
in e f f i c i e n c y  represen t s  a p o t e n t i a l  of about 4 q u a d r i l l i o n  Btu of year ly  
energy savings  a t  cur ren t  usage o r  t h e  equ iva len t  of about 2 m i l l i o n  
b a r r e l s  pe r  day of petroleum. 
NASA's Johnson Spacecraft  Center (JSC) is  one of t h e  primary p a r t i c i -  
p a r t s  i n  t h e  MIUS program of HUD. In  conjunction wi th  JSC t h e  Lewis Re- 
sea rch  Center conducted a pre l iminary a n a l y s i s  o f  t h e  powerplant f o r  MIUS. 
The purpose of t h i s  s tudy  was t o  i d e n t i f y  t h e  type  of powerplant t h a t  
might b e s t  s e r v e  t h e  MIUS concept and examine some of  t h e  economic as -  
p e c t s  of a t y p i c a l  MIUS powerplant. 
POWERPLANT SYSTEMS 
The MIUS concept i s  b a s i c a l l y  a t o t a l  energy system t h a t  generates  
on-s i te  e l e c t r i c a l  power and recovers waste h e a t  t o  meet t h e  thermal 
load. Reference 2 l ists more than 500 t o t a l  energy systems throughout 
t h e  United S t a t e s  t h a t  a r e  c u r r e n t l y  opera t ing  at  apartment complexes, 
shopping c e n t e r s ,  schools ,  h o s p i t a l s ,  greenhouses, process ing p l a a t s ,  e t c .  
The power capac i ty  of these  systems ranges from 200 k i l o w a t t s  t o  20 mega- 
watts. A t y p i c a l  t o t a l  energy system c o n s i s t s  of a prime mover t h a t  con- 
v e r t s  f u e l  energy t o  r o t a t i n g  s h a f t  energy t o  d r i v e  an e l e c t r i c a l  gener- 
a t o r  and poss ib ly  couple d i r e c t l y  t o  a compression r e f r i g e r a t i o n  u n i t .  A 
por t ion  of t h e  waste h e a t  from t h e  prime mover i s  recovered i n  t h e  form 
of low pressure  steam o r  hot  water and used d i r e c t l y  f o r  h e a t i n g  o r  i n d i -  
r e c t l y  v i a  absorpt ion r e f r i g e r a t i o n  f o r  cool ing.  An automatic c o n t r o l  
system i s  necessary  t o  match the  e l e c t r i c a l  energy output  wi th  t h e  re- 
quired l o a d s  and provide s a f e  opera t ion .  
Three types  of prime movers a r e  used, i .e., high p ressure  b o i l e r  
with steam t u r b i n e ,  gas tu rb ine ,  and r e c i p r o c a t i n g  engine.  Figure  1 
shows a t o t a l  energy system with  a boi ler-s team t u r b i n e  d r i v i n g  t h e  gen- 
e r a t o r  and t h e  compression r e f r i g e r a t i o n  u n i t  e i t h e r  d i r e c t l y  o r  e l e c -  
t r i c a l l y .  Steam e x t r a c t e d  from t h e  condensing t u r b i n e  a t  a p r e s s u r e  cor-  
responding t o  some temperature requirement s u p p l i e s  the  thermal load.  
The power genera t ing  e f f i c i e n c y  f o r  t h i s  type of steam Rankine system i s  
about 30 percent .  However, t h e  high opera t ing  p ressures  r e q u i r e  t h a t  t h e  
powerplants be a t t ended  and t h i s  added l abor  c o s t  usua l ly  limits t h i s  
system t o  l a r g e  i n s t a l l a t i o n s  where t h e  l a b o r  burden is economically 
f e a s i b l e .  
Figure 2 shows a gas turbine a s  the  prime mover with the  waste heat 
being recovered by heat exhange  between the hot  exhaust gases and water 
t o  produce hot water o r  low pressure steam. Standard, counnercial gas 
turbines used f o r  a i r c r a f t  propulsion and c t h e r  appl icat ions have proven 
t o  be r e l i a b l e  and economical. For s ta t ionary  power generation the  ther-  
mal e f f ic iency  of current gas turbines is usually l e s s  than 20 percent 
but with advanced high temperature technology a power generation e f  f i- 
ciency near 40 percent appears possible  ( r e f s ,  3 and 4 ) .  The reciprocat-  
ing prime mover system, typ ica l ly  a d i e s e l  engine, i s  i l l u s t r a t e d  by f ig -  
ure 3. Waste hea t  i s  recovered from the  engine jacket,  exhaust manifold, 
lube o i l ,  and exhaust gases i n  the  form of hot water o r  low pressure 
steam. These engines convert between 20 and 40 percent of the  fue l  
energy t o  e l e c t r i c a l  energy ( r e f .  4)  and have a long h i s to ry  of depend- 
ab le  serv ice  a s  standby power un i t s  and t o t a l  energy prime movers. The 
wide operating range i s  a function of engine design such a s  two-cycle o r  
four cycle and the e f f ec t  of supercharging. 
ENERGY ANALYSIS 
The primary purpose of a MIUS powerplant w i l l  be t o  generate s u f f i -  
c ien t  on-site e l e c t r i c a l  power and heat  t o  meet t he  load requirements 
with minimum consumption of f o s s i l  fue l .  This is  achieved when the  re- 
quired e l e c t r i c a l  and thermal energy is matched by the  powerplant output 
l e s s  some nonrecoverable f rac t ion  of waste heat .  The fac tor  t h a t  deter-  
mines the  closeness of t h i s  match i s  the  power conversion e f f ic iency ,  
This ana lys is  w i l l  attempt t o  determine t h e  power conversion e f f ic iency  
t h a t  w i l l  produce the  bes t  match and therefore  consume t h e  minimum amount 
of fuel .  
The bas i s  f o r  t h i s  ana lys is  w i l l  be a 648-unit garden apartment lo -  
cated i n  a climate corresponding t o  the  e a s t  coast  region of t h e  United 
States .  Hourly energy requirements based on load p r o f i l e s  presented i n  
reference 5 fo r  t yp ica l  sunmrer and winter days a re  presented i n  t ab l e  I. 
The on-site powerplant supplying t h i s  community is assumed t o  lose  22 per- 
cent of its t o t a l  fue l  energy a s  nonrecoverable waste heat i n  the form of 
s tack losses ,  hot  surface losses ,  and generator losses .  With a f ixed non- 
recoverable l o s s  t he  power conversion e f f ic iency  w i l l  then determine, by 
difference,  the amount of recoverable waste heat  t h a t  is  ava i lab le  f o r  
the thermal load. Figure 4 shows the e f f e c t  of power conversion e f  f i -  
c i e x y  on fue l  consumption f o r  both summer and winter operation. These 
curves were generated by making a s e r i e s  of energy balances, based on the  
summer and winter hourly energy requirements given i n  t a b l e  I, a t  var ious 
power conversion e f f i c i enc i e s .  Recoverable heat was etored during those 
hours of excess production and used l a t e r  t o  make up any d e f i c i t s .  The 
t o t a l  f u e l  consumption and s torage requirements, defined i n  energy un i t s ,  
f o r  the  typ ica l  summer and winter days were then determined a s  a function 
of power conversion eff ic iency.  
For winter operation, the  minimum fue l  consumption corresponds t o  
about 31 percent power conv?rsion e f f ic iency  with s torage required f o r  
about 25 mi l l ion  Btu. Assuming hot water s torage and a 20' F t e m ~ e r a t u r e  
drop, the required s torage volume is  approximately 150 000 gal lons.  A t  
power conversion e f f i c i enc i e s  below 31 percent there  i s  excess recover- 
ab le  heat  ava i lab le .  This reduces t he  s torage  requirements, bu t  fue l  
requirements become increasingly g rea t e r  and add i t i ona l  heat  must be 
dumped t o  the  atmosphere. A t  power conversion e f f i c i e n c i e s  g rea t e r  than 
31 percent ,  there  is  a shortage of recoverable hea t .  This shortage must 
be made up by e i t h e r  generating add i t i ona l  e l e c t r i c a l  power and convert- 
i ng  it back i n t o  hea t  v i a  r e s i s t ance  hea t ing  or  a hea t  pump, o r  by adKng 
a b o i l e r  t o  the system and generating the  hea t  d i r e c t l y .  In e i t h e r  case 
the t o t a l  f ue l  consumption w i l l  remain a t  approximately t he  minimum 
value. 
For summer operation the minimum f u e l  consumption corresponds t o  
about 36 percent power conversion e f f ic iency  with about 10 mi l l ion  Btu of 
s to rage  required. The energy requirements f o r  summer operation a r e  de te r -  
mined by f i r s t  meeting the  base e l e c t r i c a l  load and using the  ava i lab le  
waste heat  t o  s a t i s f y  the  domestic ho t  water load and p a r t  f  the  cool ing 
load through operation of absorption r e f r i g e r a t i o n  uni t s .  Any add i t i ona l  
cooling load is  provided by generating addi t iona l  power t o  operate com- 
pression c h i l l e r s  and u t i l i z i n g  the  addi t iona l  waste hea t  i n  more absorp- 
t i on  capacity.  The power conversion e f f ic iency  of the prime mover deter-  
mines the amount of waste hea t  ava i lab le  fo r  absorption cooling and 
hence, the s p l i t  between absorpt ion and compression r e f r i g e r a t i o n  capaci- 
ties, a s  shown i n  f i gu re  5. 
A t  lower than optimum power conversion e f f i c i enc i e s ,  the  ava i l ab l e  
waste hea t  i s  high, thereby requi r ing  a l a rge r  f r ac t i on  of absorpt ion r e -  
f r i ge ra t i on  capacity and a l s o  requi r ing  grea te r  s to rage  capaci ty ,  as 
shown i n  f i gu re  4 .  A s  conversion e f f ic iency  increases ,  the ava i l ab l e  
waste heat  becomes less and t o t a l  f u e l  consumption i s  reduced by generat- 
ing add i t i ona l  power t o  operate  compression c h i l l e r s .  The reason f o r  
t h i s  is the  much higher coe f f i c i en t  of performance fo r  compression 
c h i l l e r s  compared t o  absorption c h i l l e r s ;  s p e c i f i c a l l y ,  4 . 6  compared t o  
0.67, which a r e  t h e  values used i n  t h i s  ana lys i s .  An addi t iona l  saving 
is  rea l ized  i n  reduced cooling tower capaci ty  s ince  t he  hea t  r e j e c t i o n  
load from a compression c h i l l e r  is only about one-half t ha t  of an absorp- 
t i o n  c h i l l e r .  
A t  the  minimum £?;el consumption point  which corresponds t o  36 per- 
cent conversion e f f ic iency ,  t he  r e f r i ge ra t i on  s p l i t  is  appro xi mat el:^ 
80 percent compression and 20 percent absorptlon. About 11 percent  rep- 
resen ts  t he  recoverable waste heat  from generating the  base e l e c t r i c a l  
load. The other  9 percent represents  t he  waste hea t  ava i l ab l e  from gen- 
e r a t i n g  t h e  addi t iona l  power necessary t o  provide the  remaining 80 per- 
cent compression r e f r i ge ra t i on  capacity.  For power conversion e f f i c i e n -  
c i e s  grea te r  than 36 percent,  the  hot  water s to rage  raquirements approach 
zero and the  system posseeses very l i t t l e  operat ing f l e x i b i l i t y .  Further- 
more, the  l ack  of waste heat  would require  generating addi t iona l  hea t  
e i t h e r  from an e l e c t r i c  ho t  water hea te r  o r  a b o i l e r  t o  meet t h e  domestic 
hot water demand. Therefore, t he  36 percent power conversion e f f ic iency  
appears t o  be a p r a c t i c a l  maximum based on the assumptions used herein.  
Currently the d i e s e l  engine is the only prime mover t ha t  can achieve 
the  range of 31 t o  36 percent power conversion e f f i c i e n c i e s  t h a t  appears 
optimum f o r  the  winter and summer operation described. The ana lys ie  
shows t h a t  the optimum power conversion e f f ic iency  for  minimum fue l  con- 
sumption i s  determined by t h e  energy d i s t r i b u t i o n  between a l e c t r i c a l  and 
thermal load and therefore  i t  w i l l  be d i f f e r en t  fo r  various types of com- 
munities and cl imatological  conditions.  A conversion e£ f ic iency  grea te r  
than the  optimum is  never detr imental  t o  f u e l  consumption, but  i t  is i m -  
por tant  t o  r ea l i ze  t h a t  i t  is  not necessary t o  s t r i v e  for  higher e f f i -  
c iencies  t o  conserve fue l .  
ECONOMIC ANAL" S I S  
Capi ta l  and operat ing cos t s  of an on-site d i e s e l  powcrplant capable 
of supplying the  aforementioned energy requirements were determined and 
a r a t e  of re turn  on investment using the  discounted cash flow method was 
calculated.  
Capi ta l  Costs 
Capi ta l  cos t s  used f o r  t h i s  a n a l y s i ~  cons is t  of the t o t a l  i n s t a l l e d  
cost  of the  powerplant and the  bu i ld ing  t o  house it.  It does not  include 
any of t he  conmron equipment that must be supplied regardless  of the  source 
of t h e  energy t h a t  operates  i t .  
The required e l e c t r i c a l  generating capaci ty  cons i s t s  of t h e  peak 
base load of about 2000 ki lowatts  plus the c h i l l e r  load of about 800 k i lo-  
watts f o r  a t o t a l  peak load of 2800 ki lowatts .  For operat ing f l e x i b i l i t y ,  
the  manufacturers of t o t a l  energy equipment recommend t h a t  between th ree  
and f i v e  prime wver-generating un i t s ,  including a spare ,  be i n s t a l l e d ,  
and t h a t  a l l  u n i t s  s h a l l  be of equal  capaci ty .  Therefore, the  peak load 
w i l l  be provided by four 700-kilowatt d i e s e l  engine generator un i t s  plus 
one 700-kilowatt un i t  t o  serve as a spare,  f o r  a t o t a l  i n s t a l l e d  capacity 
of 3500 ki lowatts .  Each engine would have i ts  own hea t  recovery system 
t o  remove usable heat  from the lube o i l ,  engine jacket and exhaust,  and 
its own muffler.  Each engine-generator would have i t s  own automatic con- 
t r o l  switchgear i n  conjunction with one master cont ro l  f o r  automatic load 
sensing, s t a r t i n g  and stopping, synchronizing and load shar ing.  Piping, 
pumps and s torage tanks for  150 000 gal lons a r e  required t o  c o l l e c t  the  
heat and d i s t r i b u t e  i t  t o  t he  common equipment. The common equipment f o r  
t h i s  i n s t a l l a t i o n  includes a 2.5 mil l ion Btu heat  exchanger f o r  domestic 
hot water, 5 mil l ion Btu hea t  exchanger f o r  space heat ing,  300 ton absorp- 
t i on  c h i l l e r ,  and 1000 ton compression c h i l l e r  fo r  a i r  conditioning, and 
a 1600 ton cooling water tower. 
The t o t a l  i n s t a l l e d  cost  of t h e  d i e e e l  powerplant hea t  recovery 
equipment and the bui lding t o  house i t  i n  is estimated t o  be $260 per  
ki lowatt  o r  about $900 000. This cost  includes s torage  but  does not in -  
clude any of the common equipment, 
Operating Costs 
The energy ana lys i s  considered only two seasonal days represent ing 
average summer and winter  conditions.  To determine operat ing c o s t s  it  
was necessary t o  es t imate  t he  energy consumption for  the  whole year.  It 
was assumed t h a t  t h e  e l e c t r i c a l  load and the  domestic hot  water load re- 
mained constant throughout t he  year while t he  winter heat  load and the  
sunrmer a i r  conditioning load were each i n  e f f e c t  four months of t h e  year 
with the  four remaining months requir ing no space hea t ing  o r  cooling. 
The seasonal and year ly  energy requirements based on these assumptions 
a r e  summarized i n  t a b l e  11. 
Operating cos t  cons is t s  of the  cost  of l abor ,  maintenance and fue l .  
Total  energy systems normally operate  unattended s o  the labor  cos t  i s  
n i l .  Maintenance and r e p a i r  cos t s  h i s t o r i c a l l y  ( r e f .  5) a r e  valued a t  
about 0.4 cent per kilowatt-hour per year.  Fuel p r i ce s  vary widely s o  
the  economic a n a l y ~ i s  w i l l  consider a range of f u e l  cos t s  t o  determine 
t h e i r  e f f e c t  . 
Inves tmnt  Analysis 
Rate of re turn  on investment using the discounted cash flow method 
was ca lcu la ted  fo r  the  MIUS system. The ana lys i s  was performed f o r  an 
assumed 20-year system l i f e .  
To perform t h e  ana lys i s  the c a p i t a l  investment, the  expected annual 
revenues, and the  expected annual cos t s  were estimated. For a l l  th ree ,  
both a low and a high value were prepared a s  shown i n  t a b l e  111. By 
using various combinations of high and low est imates ,  e i g h t  d i s t i n c t  
cases can be analyzed. These cases a re  l i s t e d  on the  l e f t  s i de  of 
t a b l e  I V .  The r i g h t  s i de  of t a b l e  I V  shows the  computed values of r a t e  
of re turn  before and a f t e r  taxes.  The a f t e r - t ax  values a r e  shown for  
th ree  d i f f e r e n t  depreciat ion scheduleu. The e igh t  cases  a r e  arranged i n  
decreasing order  of r a t e  of re turn  with case 1 giving t h e  h ighes t  r a t e  of 
roturn and case 6 the lowest. It can be aeen tha t  over t h e  range of 
values considered, r a t e  of re turn  i s  most s ens i t i ve  t o  t he  assumed annual 
revenues and l e a s t  s ens i t i ve  t o  t he  c a p i t a l  cos t .  The method of depreci- 
a t i on  employed has l i t t l e  e f f e c t  on the  r e s u l t s .  The r a t e a  of r e tu rn  
shown i n  t a b l e  I V  a r e  the minimum r a t e s  of re turn  t o  be expectcd from an 
investment i n  a MIUS system depending on the combination o:€ high and low 
estimates used. Where t h e  minimum ra t ea  of re turn  a r e  above the  prevai l -  
i ng  i n t e r e s t  r a t e ,  higher r a t e s  of re turn  can be rea l ized  through financ- 
ing  a subs t an t i a l  port ion of t he  pro jec t .  The e f f e c t  of t h i s  (and i n f l a -  
t ion)  were fu r the r  analyzed f o r  caees 1 and 6. The r e s u l t s  a r e  shown 
t a b l e  V. 
Case 6,  marginal t o  begin with,  is af fec ted  l i t t l e  by the  degree 
financing or  the i n t e r e s t  r a t e .  For case 1 which represents  t h e  most 
favorable investment conditions,  a 5-percent annual i n f l a t i o n  r a t e  re- 
s u l t s  i n  r a t e s  of re turn  which a r e  approximately 5 percent g rea te r  (both 
before and a f t e r  taxes) than fo r  the  case of no i n f l a t i o n .  It mag a l s o  
be seen tha t  the i n t e r e s t  r a t e  a t  which funds a r e  borrowed has a r e l a -  
t i ve ly  minor e f f e c t  on r a t e s  of re turn ,  p a r t i c u l a r l y  a f t e r  taxes.  The 
predominant determinant of r a t e  of re turn  i s  obviously the degree of 
financing. With no financing, i n  the  case of 5 percent i n f l a t i o n ,  the  
r a t e s  of re turn  a r e  49.2 and 28.6 ercent  before and a f t e r  taxes ,  re- 
spect ively.  With 80 percent of the c a p i t a l  cos t  financed a t  7.5 percent ,  
the  corresponding r a t e s  become 188 and 103 percent. 
Overall  MIUS appears t o  be economically feas ib le .  Case 4 probably 
is most represen ta t ive  of current  economic conditions with crude o i l  
s e l l i n g  i n  excess of $lO/bbl and u t i l i t i e s  request ing c l e c t r i c  r a t e  
hikes.  The ana lys i s  shows a r a t e  of re turn  of about 14 percent while 
more favorable conditions could r e s u l t  i n  a 25 percent re turn .  However, 
a more accurate  assessment would requi re  b e t t e r  es t imates  of c a p i t a l  
coats ,  operat ing cos t s ,  and revenues. 
FUEL CONSIDERATIONS 
The most c c a o n l y  used f u e l s  f o r  t o t a l  energy systems have been 
naturo.1 gas and number 2 f u e l  o. 1. Both a r e  compatible with gas tu r -  
bines,  d i e s e l  engines and f i r e d  b o i l e r s  and both a r e  environmentally 
acceptable because the  exheust gases meet governmental regula t ions  re- 
garding su l fu r  dioxide and p a r t i c u l a t e  emissions for  r e s i d e n t i a l  a reas .  
Unti l  recent ly  these f u e l s  have been abundant and inexpensive but t he  
energy shortage has made them both premium fue l s  i n  terms of a v a i l a b i l i t y  
and cos t .  The f a c t  t h a t  energy u t i l i z a t i o n  of any f u e l  for  t h e  genera- 
t i o n  of e l e c t r i c i t y  is improved by a f ac t c r  of two or  more i n  a t o t a l  
energy system should be  a consideration i n  any fu ture  a l l oca t ion  of 
na tu ra l  gas and fue l  o i l  suppl ies .  I f  cos t  i s  the deciding f a c t o r ,  the  
lower f u e l  cos t s  f o r  an in tegra ted  u t i l i t y  system would be a consldera- 
t i o n  i n  deciding between i t  and a conventional system. 
Coal, the  most abundant f o s s i l  f ue l ,  i s  cur ren t ly  not acceptable ! :~r  
on-site powerplants because of environmental e f f e c t s ,  The developmnt of 
a clean, compact and e f f i c i e n t  coal-f i red powerplant f o r  on-si te  appl i -  
ca t ion  would be a s i g n i f i c a n t  contr ibut ion t o  energy conservation. Re- 
search and development on coal conversion ( r e f .  6)  has turned up c e r t a i n  
processes that might be adapted for  t h i s  purpose. Various coa l  l iquefac-  
t i on  processes produce a clean f u e l  t h a t  would meet environmental e f f e c t s .  
For example, t he  solvent  re f ined  coa l  process produces a low s u l f u r  and 
v i r t u a l l y  ash-free f u e l  t h a t  melts a t  about 350' F and has a hea t ing  
value of 16 000 Btu per pound regardless  of t he  coa l  feed stock. Other 
procesees t ha t  might apply include atmospheric pressure f l u id i zed  or  
fixed-bed b o i l e r s  and g a s i f i e r s  with hot gas cleanup systems t o  remove 
su l fu r  and pa r t i cu l a t e s .  
Table V I  summarizes the  quan t i t i e e  of these  th ree  fue ls  t h a t  could 
produce the e l e c t r i c i t y  and heat requirements s t a t ed  i n  t ab l e  I1 by 
e i t h e r  a conventional system o r  an in tegra ted  u t i l i t y  system. Tilt* con- 
ventional system provides e l e c t r i c i t y  to the s i t e  a t  an overa l l  power 
conversion t f  f ic iency of 30 percent and heat  a t  a thermal ~f f ic iency of 
75 percent. The f u e l  savings ind ica te  the energy conservation possible  
with an on-site powerplant with waste heat recovery. 
CONCLUDING REMARKS 
The r e s u l t s  of t h i s  study of on-site powerplants with waste heat 
recovery are: 
1. Minimum fue l  consumption is  achieved a t  some c h a r a c t e r i s t i c  ther-  
mal t o  e l e c t r i c  conversion e f f ic iency  t h a t  i s  determined by the  energy 
d i s t r i bu t ion  between e l e c t r i c a l  and thermal loads and therefore i e  d i f -  
fe ren t  f o r  each type of community and cl.imatologica1 region. For the 
apartment used i n  t h i s  ana lys is  t h i s  e f f ic iency  ranged between 31 and 
36 percent which corresponds t:, a d i e s e l  engine-generator powerplant. 
A conversion e f f ic iency  greater  than t h i s  would not s ign i f i can t ly  improve 
the  f u e l  consumption. 
2. From an economic viewpoint, t h i s  system appears t o  be a reason- 
ably a t t r a c t i v e  investment. Based on a t o t a l  c a p i t a l  investment of about 
$1 million and assuming high energy cos ts  and revenues, the  e f f ec t ive  
r a t e  of re turn  a f t e r  taxes can be i n  the range of 14 t o  25 percent .  
3. The energy shortage emphasizes t he  bene f i t s  of energy conserva- 
t i on  and reduced fue l  costs  t ha t  a r e  cha rac t e r i s t i c s  of these systems. 
The development of a clean, coal-fired, on-si te  powerplant would fur ther  
enhance the  MIUS concept because i t  would use tke most abundant fue l  and 
use i t  most e f f i c i e n t l y .  
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12 Mid. 
1 a.m. 
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10 
11 
12 Noon 
1 p.m. 
2 
3 
4 
5 
6 
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8 
9 
10 
11 
Daily 
total 
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TABLE I .  - HOURLY ENERGY REQUIREMENTS 
Year-round 
electrical  
load, 
kW 
Year-round 
domestic 
hot water, 
lo3 ~ t u / h r  
- 
Winter 
le t load, 9 LO Btulhr 
Summer air  
condition' ,.I& 
load, 
103 Btu/hr 
102 b93 
103 B ~ U  
- 
I 
- 
. 374 400 
103 B ~ U  
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TABLE 11. - YEARLY ENERGY REQUIREMEN IS 
Heat, E l ec t r i c ,  Fuel, 
b i l l i o n  Btu mi l l ion  kwh b i l l i o n  -1 Btu 
Spring/ f a l l  3.1 
Year I 39 I 11.6 I 114 1 
TABLE 111, - COST AND REVENUE ESTIMATES 
c a p i t a l  cos t  
(3500 W plan t )  
Annual operat in8 cost  
Fuel coot 
h i n t e n ~ c e  cos t 
Tot 81 
Annual revenues 
Sale  of e l e c t r i c  power 
Sale  of hea t  
I Tota l  
High esl 
I 
1 $2,50/10~ Btu 
1 0.4c/kW-ht 
4c/kW-hr 
$3.50110~ Btu 
Cost 
Low est imate  
Unit coe t Coat I 
Case 
1 
2 
3 
4 
5 
6 
a7 
a 8  
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TABLE I V ,  - RATES OF RETURN FOR VARIOUS 
COST AND REVFSUE ESTIMATES 
Assumed values 11 h t e  of re turn ,  percent 
Revenue Coats 
-r 
High High 
Low 
After t a x  (b) 
.Not f ea s ib l e  s ince  coe ts  exceed revenues. 
+ 
b50 percent t a r  r a t e  assumid. Depreciation asmnes  10 percent 
salvage value, 20 year l i f e .  (SL = s t r a i g h t  l i n e ;  1.5 DB 
= 1.5 times decl ining balance; SD = sum-of-the-years d i g i t s . )  
Before 
tax 
44.2 
38.3 
28.4 
24.5 
9 . 5  
7 . 6  
Capital  
invest-  
m, .r 
(4 
Low 
High 
Low 
High 
Low 
High 
Low 
High 
C Aoeumed financed e n t i r e l y  from equi ty  cap i t a l .  
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TABLE VI . - YEARLY FUEL SUMMARY 
Solvent refined 
coal, 
ton 
5750 
3560 
2190 
No. 2 fuel  o i l ,  
gal 
1 310 000 
815 000 
495 000 
Conventional system 
Xntegrated u t i l i t y  system 
Fuel savings 
Natural gas, 
mil l ion f t 3  
184 
114 
70 
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WINTER STORAGE 
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Figure 4, Powerplant Baily O p e r a t i o n  
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figure 5 .  Refr igerat ion S n U t  
